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AbsTrACT background Cleaning and high-level disinfection have been the standard in the USA and other countries for reprocessing flexible endoscopes, including duodenoscopes and other types of gastrointestinal endoscopes. For decades, this practice has been a cornerstone for infection prevention in the endoscopic setting. However, amid recent reports associating the use of duodenoscopes with infections and outbreaks of carbapenem-resistant Enterobacteriaceae (CRE) and related multidrug-resistant organisms (MDROs), reasonable questions about the adequacy of current practices for reprocessing duodenoscopes have emerged. Objectives To review and evaluate the adequacy of current reprocessing practices for preventing duodenoscopes from transmitting CRE and related MDROs. Methods The MEDLINE/PubMed database was searched to identify published cases associating confirmed (or suspected) infections of CRE or a related MDRO with exposure to a duodenoscope since 2012, when duodenoscopes became a recognised risk factor for the transmission of CRE. The Internet was also searched to identify news articles and other reports documenting eligible cases occurring during this same timeframe but not identified during the MEDLINE database's search. The Food and Drug Administration's (FDA) medical device database was queried to identify regulatory reports describing these same types of cases, also recorded since 2012. The clinical and reprocessing details of each eligible case were reviewed to identify (when possible): (a) the reprocessing method (eg, high-level disinfection) performed at the time of the infections, (b) whether the facility's compliance with the manufacturer's reprocessing instructions was confirmed, and (c) the measure(s) or corrective action(s) the facility implemented to prevent additional multidrug-resistant infections. results Seventeen cases in the USA and six in other countries (primarily Europe) associating infections (and colonizations) of CRE or a related MDRO with exposure to a duodenoscope were reviewed. Fourteen of these 23 outbreaks were caused by CRE, and six by a related MDRO. Two of these six latter cases identified Klebsiella pneumoniae carrying the mcr-1 gene as the pathogen. For 12 of these 23 cases, it was reported or implied that the duodenoscope was being high-level disinfected at the time of the infections, consistent with published guidelines. For the remaining 11 cases, the associated report(s) did not clearly identify how the duodenoscope was being reprocessed at the time of the infections (although it may be reasonably concluded that at least some, if not all, of these 11 cases involved high-level disinfection). Further, eight of the 23 cases reported the duodenoscope was being reprocessed in accordance with the manufacturer's instructions for use (and professional guidelines) at the time of the infections. Seven of the cases discussed the design of the duodenoscope (eg, the forceps elevator mechanism) in the context of reprocessing and the infections. Three of the cases identified one or more reprocessing lapses, including inadequate cleaning, delayed reprocessing and improper drying and/or storage of the duodenoscope. Most of these 23 cases were associated with exposure to a duodenoscope model featuring a sealed elevator-wire channel. Six of the cases reported adopting (or in one case supplementing high-level disinfection with) ethylene oxide (EO) gas sterilisation of the duodenoscope, with at least three reporting this measure terminated the outbreak. Other measures adopted to prevent additional infections included removing the implicated duodenoscope from use, re-training staff about proper cleaning, microbiological culturing of the duodenoscope and returning the duodenoscope to the manufacturer for evaluation, maintenance and/or repair. Conclusions This study's findings suggest current reprocessing practices may not always be sufficiently effective to prevent a duodenoscope from transmitting CRE and related MDROs, at least in some circumstances including an outbreak setting. Factors this review identified that may contribute to the device remaining contaminated after reprocessing include the device's design; breaches of recommended reprocessing guidelines (eg, inadequate manual cleaning, delayed reprocessing or improper device storage); damage to the device; lacking servicing, maintenance or repair; and/or the presence of biofilms. Measures that can mitigate the impact of these and other reprocessing challenges and reduce, if not eliminate, the risk of transmission of CRE or a related MDRO by a duodenoscope include the use of EO gas sterilization (or another comparably effective process or method). In 2015, the FDA suggested healthcare facilities consider performing at least one of four supplemental measures, which include EO gas sterilisation, to improve the effectiveness of duodenoscope reprocessing. Whether the FDA and Centers for Disease Control and Prevention might reclassify duodenoscopes as critical devices requiring sterilisation is currently unresolved.
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Background
Cleaning and high-level disinfection have been the standard in the USA and other countries for reprocessing duodenoscopes and other gastrointestinal (GI) endoscopes. [1] [2] [3] This practice, known as reprocessing, is derived from a three-tiered scheme, developed almost 50 years ago by Spaulding, 4 that classifies devices into one of three categories depending on the potential infection risk. The category into which the device is classified dictates the necessary level of disinfection, or sterilisation. Invasive surgical instruments that enter sterile tissues or the vascular system, such as cardiac catheters, pose a high risk of infection and therefore are classified as critical devices requiring sterilisation. 1 In contrast, noncritical devices such as stethoscopes pose a low infection risk, as they contact only intact skin (but not mucous membranes). 1 The Food and Drug Administration (FDA) recommends thorough cleaning followed by low-level or intermediatelevel disinfection for these low-risk devices (depending on the nature and extent of contamination). 5 Low-level disinfection destroys most vegetative bacteria, some fungi and some viruses, but neither Mycobacterium tuberculosis nor bacterial endospores. Intermediate-level disinfection is tuberculocidal, but not sporicidal. 1 Duodenoscopes and most other flexible endoscopes are classified as semicritical devices. 1 These devices generally contact non-intact skin or intact mucous membranes requiring high-level disinfection or sterilisation. Primarily because duodenoscopes are damaged by pressurised steam, high-level disinfection achieved using a liquid chemical has been the practiced standard for decades. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Nevertheless, sterilisation would be ideal, understanding not only that sterilisation provides a greater margin of safety, but also that duodenoscopes (and other heatsensitive semicritical devices) may occasionally contact blood or a sterile accessory (eg, during a biopsy). 1 4 5 13 14 The FDA recommends sterilisation for semicritical devices, but accepts high-level disinfection "[i]f the device design does not permit sterilization (eg, device materials cannot withstand sterilization)." 5 While high-level disinfection destroys virtually all pathogenic microorganisms encountered in the endoscopic setting, 1 the more robust process of sterilisation renders the device free of all viable microorganisms. 14 In the wake of several recently published reports associating infections of carbapenem-resistant Enterobacteriaceae (CRE) or a related multidrug-resistant organism (MDRO) with exposure to a duodenoscope, reasonable questions may be asked about the effectiveness of current reprocessing practices. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] The potential significance of these questions is spotlighted by the FDA's recent safety communications discussing duodenoscopes, and the agency's statement that these devices feature a forceps elevator mechanism whose moving parts contain "microscopic crevices that may not be reached with a brush" and may remain contaminated after cleaning and disinfection. 5 9 13 14 The FDA has further advised that cleaning a duodenoscope prior to high-level disinfection may not entirely eliminate the risk of transmitting infection. 13 14 The implementation of validated measures to prevent duodenoscopes from transmitting multidrug-resistant bacteria is crucial to public health because these devices are used more than 500 000 times a year in the USA to perform endoscopic retrograde cholangiopancreatography, or ERCP --a medical procedure used to examine and treat disorders of the bile and pancreatic ducts. 8 13 Efforts to improve safety are aided by the study of these outbreaks to evaluate current reprocessing practices, identify common factors that can contribute to infection, and publish effective corrective actions that improve safety. (Note: "Linking" or "associating" a duodenoscope or another type of reusable device with an infection or an outbreak does not confirm the device transmitted or otherwise caused the infection, as one or more other factors could be, in part or solely, responsible. More data would be required to conclude more definitively that a device caused an infection.)
oBjectives
To review and evaluate the adequacy of current reprocessing practices for preventing duodenoscopes from transmitting CRE and related MDROs during ERCP.
Methods
As similarly described in another study, 21 the MEDLINE/ PubMed database was searched using the MeSH (medical subject headings) terms duodenoscope, disease outbreak and bacteria to identify published cases associating confirmed (or suspected) infections of CRE or a related MDRO with exposure to a duodenoscope since 2012, when duodenoscopes became a recognised risk factor for the transmission of CRE. [7] [8] [9] [10] [11] [12] The Internet was searched using these same keywords (via Google's search engine) to identify news articles and other reports documenting eligible cases occurring during this same timeframe but not identified during the MEDLINE database's search. The FDA's Manufacturer and User Facility Device Experience Database (MAUDE) was queried using the product code "FDT" (which the FDA and manufacturers generally use to refer to duodenoscopes) to identify regulatory reports describing these same types of cases also recorded since 2012. 5 (Note: The findings and conclusions of the regulatory reports in the MAUDE database generally have not been peer-reviewed and may be incomplete and/ or in part inaccurate. Nevertheless, these reports can yield important safety data that can be used to monitor a device's performance and to detect potential risks.) 14 Guidelines published by the Preferred Reporting Items for Systematic Reviews and Meta-Analyses were used to screen these search results, exclude duplicate cases and identify only reports relevant to this study's objective. In general, this review excluded reports linking a duodenoscope to an infection caused by an organism other than CRE or a related MDRO, or a report describing bacterial Open access contamination of a duodenoscope but without sufficient evidence of an infection. The clinical and reprocessing details of each eligible case were reviewed to identify (when possible): (a) the reprocessing method (eg, high-level disinfection) performed at the time of the infections, (b) whether the facility's compliance with the manufacturer's reprocessing instructions was confirmed, and (c) the specific measure(s) the facility implemented to prevent additional multidrug-resistant infections. Some other details were also investigated, such as whether the duodenoscope featured an open or sealed elevator-wire channel, and whether the implicated duodenoscope was tested (ie, sampled and cultured) for bacterial contamination. Due to inherent limitations with its search methods and other considerations, this systematic review did not include every eligible case, but efforts were made to avoid a selection bias that might have influenced this study's findings and conclusions.
CRE are Enterobacteriaceae that are not susceptible to carbapenem antibiotics; examples include carbapenemresistant strains of Klebsiella pneumoniae, Escherichia coli and Enterobacter cloacae. As similarly defined in other studies, 8 21 this systematic review defined a MDRO "related" to CRE as a gram-negative, multidrug-resistant bacterium that: (i) demonstrates resistance to carbapenem antibiotics although is not of the Enterobacteriaceae family-for example, Verona Integron-Mediated Metallo-β-lactamase (VIM)-2-producing Pseudomonas aeruginosa; (ii) is of the Enterobacteriaceae family and resistant to most β-lactam antibiotics, but remains generally susceptible to carbapenems-for example, extended-spectrum β-lactamases (ESBL)-producing K. pneumoniae; or (iii) demonstrates resistance to the colistin antibiotic-for example, mcr-1-positive K. pneumoniae. Even more so than carbapenems, colistin is a "last-resort" antibiotic used by clinicians to treat serious gram-negative infections caused by multidrug-resistant bacteria (eg, when carbapenems are unsuccessful). CRE and their related MDROs may be informally referred to as "superbugs." 7 8 results Seventeen cases in the USA and six in other countries (primarily Europe) associating infections (and colonizations) of CRE or a related MDRO with exposure to a duodenoscope were reviewed, and are listed in tables 1 and 2, respectively. (These tables use a format similar to that provided in other reports. 8 21 22 ) Fourteen of these 23 outbreaks were caused by CRE, and six by a related MDRO. Two of these six latter cases identified K. pneumoniae carrying the mcr-1 gene as the pathogen; whether these two cases describe one incident could not be determined. (One of these 23 cases was possibly due to CRE, one likely to related MDROs, and one case either CRE or a MDRO, but it was unclear which one.) For 12 of these 23 cases, it was reported or implied that the duodenoscope was being high-level disinfected at the time of the infections, consistent with published guidelines. [1] [2] [3] [4] For the remaining 11 cases, the associated report(s) did not clearly identify how the duodenoscope was being reprocessed at the time of the infections (although it may be reasonably concluded that at least some, if not all, of these 11 cases involved high-level disinfection).
Further, eight of the 23 cases reported that the infections occurred despite no identifiable breach in the reprocessing procedure (ie, the duodenoscope was reportedly being reprocessed in accordance with manufacturer's instructions for use and professional guidelines). Seven of the cases discussed the design of the duodenoscope (eg, the forceps elevator mechanism) in the context of reprocessing and the infections. Three of the cases reported one or more reprocessing lapses, including inadequate cleaning, delayed reprocessing and improper drying and/or storage of the duodenoscope. Most of these 23 cases were associated with exposure to a duodenoscope (not exclusive to one model or manufacturer) featuring a sealed elevator-wire channel. Six of the cases reported adopting (or in one case supplementing high-level disinfection with) ethylene oxide (EO) gas sterilisation of the duodenoscope, with at least three reporting this measure terminated the outbreak. 7-10 16 17 20 23 24 (Whether the use of EO gas sterilization terminated each of the other outbreaks, too, is unclear.) Other measures and mitigations that were adopted to prevent additional infections included removing the implicated duodenoscope from use, re-training staff about proper cleaning, microbiological culturing, reprocessing the duodenoscope twice, and/or returning the duodenoscope to the manufacturer for evaluation, maintenance and/or repair. 7 11 12 25-29 First outbreak of CRE in the USA linked to a duodenoscope: Some additional details of a number of these 23 cases are provided to supplement the data in table 1 and table 2. For instance, Alrabaa et al of Florida reported that seven patients between June 2008 and January 2009 were positive for carbapenemase-producing K. pneumoniae (CRE) following ERCP. 29 (This case occurred prior to 2012 but whose investigation was not published until 2013, justifying its inclusion in this review.) These investigators associated transmission with "inadequate cleaning of the complex terminal part of the ERCP scope that contains the scope elevator," adding that "[b]iodebris remained under the elevator piece of the implicated scope after it was presumably cleaned." Alrabaa et al also reported that the duodenoscope was "particularly hard to clean," and that the forceps elevator mechanism "needs additional manual cleaning using a brush prior to standard scope processing." No new infections were identified once several measures were implemented, including the education of staff about the proper handling and cleaning of the duodenoscope. This case (beginning in 2008) may be the first to associate a duodenoscope with transmissions of CRE. (The report does not identify the implicated duodenoscope's type or model.)
First outbreak of carbapenem-resistant bacteria linked to a sealed duodenoscope: Another of the case's listed in 
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Netherlands tested positive for VIM-2-producing P. aeruginosa following ERCP performed between January and April 2012 using a newer duodenoscope model featuring a sealed (or, enclosed) elevator-wire channel. 9 11 (This organism is a gram-negative MDRO resistant to carbapenems). Cultures obtained from the recess under the forceps elevator of a high-level disinfected duodenoscope were reported to be clonally related to the outbreak's strain (ie, patient isolates). Verfaillie et al also reported identifying no known breaches in adherence to the manufacturer's duodenoscope reprocessing procedures. 11 This report may document the first case, either in Europe or the USA, linking use of this newer duodenoscope model to infections of carbapenem-resistant bacteria.
These investigators further reported that the duodenoscope's distal end "hampered cleaning and disinfection," while also raising questions about the construction of this duodenoscope model's elevator-wire channel. 11 22 The hospital terminated this outbreak by removing this duodenoscope model from clinical use. This outbreak is a salient case because almost all instances of disease transmission associated with a contaminated GI endoscope reported in previous years was attributed to an identifiable lapse in the reprocessing of the endoscope or an accessory (or, either a faulty infection prevention practice such as improper administration of a medication, or the use of defective equipment). 1 2 6 9 10 29 First publicised outbreak of CRE in the USA linked to a sealed duodenoscope: Almost 2 years after this Netherlands outbreak, the CDC issued a brief report in 2014 linking ERCP to transmissions of New Delhi metallo-β-lactamase (NDM)-producing E. coli (CRE) at a hospital in Illinois. 10 Echoing the previous findings of others, 29 30 the CDC reported that the duodenoscope's design "might pose a particular challenge for cleaning and disinfection." Listed in table 1, this case documents the first outbreak of CRE in the USA that federal health officials publicly associated with the exposure to a duodenoscope model featuring an enclosed elevator-wire channel, and who further advised that healthcare facilities "with CRE outbreaks should consider the possibility of ERCPrelated transmission." 9 10 No additional infections were identified once the hospital began sterilizing its duodenoscopes with EO gas. 7 9 10 Epstein et al published more details about this Illinois hospital's outbreak 9 months after issuance of the CDC's brief report, noting that 35 patients who underwent ERCP tested positive in 2013 for the CRE. 9 Like the CDC's report, 10 Epstein et al reported no identifiable breaches in the hospital's cleaning or high-level disinfection protocols; however, these investigators reported recovering from the reprocessed duodenoscope CRE closely related to the outbreak's strain. 9 Positing that sterilisation might have contributed to controlling this outbreak, these investigators acknowledged, however, that "the limited experience from this investigation does not provide sufficient evidence to recommend that all facilities switch to sterilisation." 9 Four months later in February 2015, the FDA issued a safety communication advising (consistent with the CDC's findings 9 10 ) that recently published data had associated multidrug-resistant bacterial infections in patients following ERCP with duodenoscopes reportedly reprocessed according to the manufacturer's instructions for use. 13 Three other outbreaks of CRE in the USA: Another of table 1's cases, Humphries et al reported that beginning in December 2014 nine patients in California were found to be infected (and seven asymptomatic carriers) with CRE (ie, carbapenem-resistant K. pneumoniae containing the bla OXA-232 gene) following ERCP. 20 22 31 An investigation that included reviewing the use, reprocessing and storage of duodenoscopes did not identify deviations from manufacturer-provided guidelines. Although cultures obtained from the duodenoscopes yielded negative results, Humphries et al reported that this investigation implicated two specific duodenoscopes featuring a sealed elevator-wire channel. This outbreak of CRE was terminated once the hospital, in addition to permanently removing the implicated duodenoscopes from service, shipped all duodenoscopes off-site to be sterilised using EO gas (after manual cleaning and high-level disinfection). 20 31 Smith et al reported that three patients became infected with NDM-1-producing E. coli following ERCP performed between May 2013 and November 2013 at a Wisconsin hospital (table 1) . 16 (This is the same type of CRE that was responsible for the aforementioned Illinois outbreak in 2013. 9 10 ) As has been similarly reported about other outbreaks, Smith et al reported the infections occurred despite the hospital having apparently reprocessed the duodenoscope correctly, and that no additional CRE infections were identified once the hospital began sterilizing the duodenoscope using EO gas (table 1) . Although they did not recover the outbreak's CRE from the hospital's duodenoscopes, these investigators linked one specific duodenoscope to the outbreak, concluding that "the epidemiologic evidence was strong enough to implicate the duodenoscope as the mode of transmission." 16 (Note: The failure to recover an outbreak's strain of CRE, or a related MDRO, from a duodenoscope is not entirely uncommon, 20 30 32 and can be due to several factors including the sampling technique's limitations and/or the bacteria's "inaccessibility deep within the elevator channel." 22 32 ) Smith et al did not identify the specific duodenoscope model linked to this outbreak, but an independent publication issued in 2016 provided data reporting that the model featured a sealed elevatorwire channel. 7 16 McCool et al associated an outbreak of carbapenemresistant K. pneumoniae (CRE) at a hospital in Pennsylvania in 2012 with the use of duodenoscopes featuring a sealed elevator channel (table 1). 7 24 An investigation reported that these duodenoscopes were being reprocessed consistent with manufacturer instructions, 7 causing McCool et al to ask whether is is time to switch to EO gas sterilisation for reprocessing GI endoscopes featuring an elevator Open access channel. 24 This Pennsylvania outbreak was reportedly terminated once the hospital began sterilising its duodenoscopes using EO gas.
Colistin-resistant bacteria carrying the mcr-1 gene: A duodenoscope manufacturer submitted five similar regulatory reports to the FDA in August 2017 (each reasonably and presumably referring to the same case) describing the "probable transmission" of a uniquely resistant type of bacteria that is potentially even more concerning than CRE (table 1). The reports discuss two patients positive for "ctx-r Klebsiella pneumonia" [sic] who both underwent ERCP using a duodenoscope that featured a sealed elevator-wire channel. 33 According to these reports, the CDC tested the bacteria and determined that, for both patients, the strain carried the mcr-1 gene, which confers the bacteria's resistance to colistin. (Colistin-resistant bacterial infections can be untreatable.) 26 These regulatory reports further state that the CDC found that the isolates from the two patients and the duodenoscope "appear related." These reports do not identify the measures the medical facility adopted to mitigate the risk of additional infections. This case may be the first to describe a duodenoscope in the context of infections of mcr-1-positive K. pneumoniae.
discussion
Although sterilisation is more robust, high-level disinfection has been the standard in the USA and other countries for reprocessing flexible endoscopes, including duodenoscopes and other GI endoscopes. [1] [2] [3] [4] For decades, this practice has provided a cornerstone for infection prevention in the endoscopic setting. [1] [2] [3] However, amid the outbreaks of CRE or a related MDRO listed in tables 1 and 2 (among other cases), questions have emerged about the effectiveness of current practices for reprocessing duodenoscopes. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Some of these cases reported that implementing EO gas sterilisation of the duodenoscope prevented additional infections. 7 9 10 16 17 20 22 24 These findings suggest, first, that current reprocessing practices may not always be sufficiently effective to prevent a duodenoscope from transmitting CRE and related MDROs, at least in some circumstances including an outbreak setting. Second, these data also suggest that EO gas sterilization can be an effective option for improving the safety of ERCP. 22 Factors that may contribute to the device remaining contaminated after reprocessing include the device's design; breaches of recommended reprocessing guidelines (eg, inadequate manual cleaning, delayed reprocessing and/or improper device storage); damage to the device; and/or lacking servicing, maintenance or repair (table 1 and table 2) .
In August 2015, the FDA issued a safety communication advising that it is "aware of instances of persistent bacterial contamination (of duodenoscopes) even following strict adherence to manufacturer reprocessing instructions." 14 To reduce the infection risk, this communication recommended healthcare facilities performing ERCP consider at least one of four supplemental measures "in addition to meticulous cleaning as part of strict adherence to the (duodenoscope) manufacturer's reprocessing instructions": EO gas sterilisation, microbiological culturing, use of a liquid chemical sterilant processing system and repeating high-level disinfection. 14 This FDA communication further advised that "[w]hen possible and practical, duodenoscopes should be sterilised due to the greater margin of safety provided by sterilisation. Sterilisation is a validated process used to render a product free from all viable microorganisms." Humphries et al similarly reported that in their opinion, "the complexity of modern duodenoscopes necessitates the classification of these devices as 'critical' and should require sterilization." 20 Whether the FDA and CDC might reclassify duodenoscopes as critical devices requiring sterilisation is currently unresolved. 6 15 (In this August 2015 communication, the FDA acknowledged that these four supplemental measures "may not be feasible in all health care facilities and each of these options comes with its own benefits and limitations." 14 ) Moreover, while some risk assessments have concluded that the transmission of infection by a GI endoscope is rare 2 34 (eg, 1 case per 1.8 million procedures 34 ), the research of others suggests that the true incidence of infections linked to GI endoscopes could be significantly higher. 15 20 35 Whether some transmissions in past years may have been "masked" by antibiotics, but are now being more readily detected due, in part, to an organism's evolved resistance to carbapenems and other lastresort antibiotics, is unclear but possible. Also a possible contributor to underreporting the infection rate might be true cases of cross-infection misattributed to the translocation of the patient's own endogenous bacterial flora. Gastmeier and Vonberg reported that it is likely that infections and outbreaks (at least those caused by Klebsiella spp. bacteria) "have been missed in the past because this pathogen belongs to the physiological gut flora." 36 Humphries et al discussed the possibility of true infections being overlooked and not recorded due to insufficient detection mechanisms, writing that there are "concerns that duodenoscope-related infections may be underestimated." 20 These authors further noted that "[m]ost hospitals do not perform postprocedure surveillance for infections and would not be able to identify an outbreak from baseline postprocedural infection rates," adding that reports of outbreaks due to CRE "probably predominate largely because these organisms are flagged for additional investigation by hospital laboratories. However, clusters due to susceptible bacteria may be missed." 20 Wang et al investigated the rates of infections after colonoscopy and esophagogastroduodenoscopies performed in US ambulatory surgery centres, reporting similarly that "postendoscopic infections are more common than previously thought and vary widely by facility" and that "postendoscopic infections are occurring without being detected by existing surveillance systems." 35 Other factors that can cause published Figure 1 Pictured is the distal end of a duodenoscope featuring a sealed elevator-wire channel. Behind this mechanism is a recessed area. This mechanism connects to a knob on the duodenoscope's control head via a wire (neither visible) that is housed in the sealed elevator-wire channel (also not visible) (Source: FDA).
estimates of the infection rate to understate the true risk include these estimates' general failure to include in their calculations infections filed with the FDA in the form of a regulatory report (as opposed to being published in a peer-reviewed journal) and undisclosed infections.
The duodenoscope's design: Displayed in figure 1 , duodenoscopes feature a forceps elevator mechanism at their distal end that is used to help thread a catheter, guidewire or other accessory into the common biliary duct during ERCP. 8 A long, enclosed wire connects this mechanism to a manually controlled knob on the duodenoscope's control section that is used to adjust this mechanism and alter the direction of the accessory during the procedure. In some older duodenoscope models, this wire is housed in a narrow channel that is open and requires reprocessing. 8 9 In newer models, however, this elevator-wire channel is designed to be sealed at the duodenoscope's distal end obviating the channel's reprocessing. 7 8 11 While crucial to the success of ERCP, however, the FDA and others have reported that the design of the duodenoscope's forceps elevator mechanism and distal end can hinder cleaning. 5 10 13 14 The FDA's February 2015 safety communication acknowledged "effective cleaning of all areas of the duodenoscope may not be possible." 13 This communication further stated that moving parts of this elevator mechanism may remain contaminated after cleaning and disinfection. Others have similarly discussed the potential for the duodenoscope's distal end to remain contaminated despite being reprocessed according to duodenoscope reprocessing guidelines. 7 9-14 37 In addition to other discussed factors, biofilms forming inside the duodenoscope and resisting removal with a cleaning brush can adversely impact the effectiveness of reprocessing. 7 11 18 22 25 Comparative effectiveness of the FDA's four supplemental measures: Rubin et al discussed some notable advantages and disadvantages of each of the four supplemental measures the FDA suggested in August 2015 that hospitals performing ERCP consider implementing to improve the effectiveness of duodenoscope reprocessing. 22 Published comparisons of the effectiveness, feasibility and cost of each of these four measures, however, are generally scant. In addition to EO gas being a common option available for sterilising heat-sensitive endoscopes, 1 Rubin et al wrote that the "clinical success of (EO gas) sterilisation has been shown in several instances in which implementation led to immediate cessation of bacterial outbreaks," 22 which is consistent with this review's findings. Some unrelated outbreak investigations have reported similar findings vis-a-vis the EO gas sterilization of bronchoscopes. 21 38 Using one of the FDA's other supplemental measures, a hospital in Washington state reported microbiologically culturing (and quarantining) duodenoscopes to improve safety. 12 Other measures and mitigations that this review identified for preventing additional transmissions of multidrug-resistant bacteria include (of course) removing the implicated endoscope from clinical use and returning the endoscope to the manufacturer for servicing and, as required, repair. 12 19 20 39 Use of a borescope to inspect the working channel of the endoscope for visible contamination, biofilms and/or defects prior to the endoscopic procedure could potentially also improve safety. 19 22 Another option for evaluating an endoscope for contamination with organic soil, as well as for training and cleaning competency testing, are test kits designed to detect haemoglobin, protein, carbohydrates or adenosine triphosphate, also known as ATP. 6 22 34 More about EO gas sterilisation: According to the CDC, EO gas "has been the most commonly used process for sterilising temperature-and moisture-sensitive medical devices and supplies in healthcare institutions in the United States." 1 Several low-temperature processes including those using EO gas have been cleared by the FDA for sterilising flexible endoscopes, including bronchoscopes and choledocoscopes. Some of these devices may be labelled soon for the sterilisation of duodenoscopes too, as manufacturers endeavor to develop effective technologies to increase the safety of ERCP. Like all low-temperature sterilisation technologies, however, EO gas sterilisation has limitations. For example, it may not be available in the healthcare facility, 16 22 and while an EO gas steriliser's exposure cycle may be only a few hours in duration, the processed instruments may require an aeration time of 12 hours or more prior to reuse. Consequently, medical facilities using this sterilisation method may have to purchase additional duodenoscopes to maintain an adequate inventory and meet patient demand. Assessing the impact of this expense in the context of the financial costs associated with outbreaks of CRE and MDROs, however, has been suggested. 17 Notwithstanding the FDA's advice that this method be considered (along with three other enhanced measures) to improve the safety of duodenoscopes, 14 
claims that
Open access box 1 recommendations to reduce the risk of a duodenoscope transmitting carbapenem-resistant Enterobacteriaceae (CrE) or a related multidrug-resistant organism (MDrO) during endoscopic retrograde cholangiopancreatography (ErCP). several of these recommendations may be applied to and considered for other types of flexible endoscopes, too: ► Meticulously clean the duodenoscope prior to high-level disinfection or sterilisation (in accordance with the device manufacturer's reprocessing instructions).
-Pre-clean and then thoroughly reprocess the device promptly after the endoscopic procedure. (If warranted, follow the manufacturer's "delayed reprocessing" instructions. 52 ) -Consider using a borescope to inspect the working channel of device for visible contamination, moisture, biofilms and/or damage. 19 22 -Test kits designed to detect haemoglobin, protein, carbohydrates, total organic carbon or adenosine triphosphate (ATP) may also be used to assess and audit the cleaning process. 6 22 35 ► When feasible and practical, consider sterilising the duodenoscope (using a process validated for effectiveness and materials' compatibility). 5 14 -Clinical data collected in outbreak settings indicate that EO gas can be an effective tool and option for sterilizing duodenoscopes and terminating outbreaks of CRE and related MDROs (table 1) . -Despite the greater margin of safety availed by sterilisation (compared to disinfection), cleaning of the duodenoscope first remains essential. -The following factors (among others) can adversely impact the effectiveness of reprocessing:
-Improperly cleaning the device, including failure to clean the device promptly after the endoscopic examination. 53 -A device's complex design that may hinder cleaning. 9 11 13 14 -Damage to the device, or failure to maintain, service and/or repair the device according to the manufacturer's instructions. 12 20 -Formation of a resistive biofilm inside the device, resulting in the device's persistent contamination with bacteria (eg, CRE or a related MDROs) sometimes despite cleaning. 6 7 9 11 14 22 38 -Inadequate drying, or storing the device in a unclean, moist or poorly ventilated area. ► If sterilisation is not performed, then meticulously clean, high-level disinfect and dry (and store) the duodenoscope in strict accordance with the manufacturer's reprocessing instructions (which may be supplemented with published guidelines for reprocessing gastrointestinal endoscopes). 1-3 -Liquid chemical sterilants/disinfectants, such as glutaraldehyde, peracetic acid and ortho-phthalaldehyde, are commonly used to high-level disinfect flexible endoscopes, usually in less than an hour, and sometimes within a few minutes. 1 -Consider adopting at least one of the FDA's other suggested supplemental measures (eg. microbiological culturing) to enhance the effectiveness of duodenoscope reprocessing. 14 -Remember that the FDA's four supplemental measures are to be combined with and to follow (not replace) a healthcare facility's strict adherence to the endoscope manufacturer's reprocessing instructions (ie, meticulous manual cleaning and high-level disinfection). 14 -The FDA recognises that "not all healthcare facilities can implement one or more of these measures, which require specific resources, training, and expertise. Therefore, it is critical that staff responsible for reprocessing duodenoscopes have the manufacturer's instructions readily available to promote strict adherence to the reprocessing instructions in the device labeling, understand the importance of their role in reprocessing the device, and maintain proficiency in performing these reprocessing tasks." 14 EO gas sterilisation may damage a flexible endoscope over time have been reported. 40 However, other studies have found EO gas not to damage the duodenoscope or to have deleterious effects on the materials used in its construction. 1 41 Moreover, while the FDA may not have cleared a device, per se, that uses EO gas (or most other low-temperature chemicals) specifically to sterilise duodenoscopes, some endoscope manufacturers (as described in the device's operating and reprocessing instructions) identify EO gas as a technology that may be used to achieve sterilization. Indeed, this review found EO gas to have emerged as an effective option for sterilizing duodenoscopes and preventing additional infections (table 1) .
Published concerns about certain safety risks associated with EO gas warrant discussion. 1 22 42 It may be useful, however, to assess the potential significance of these risks in the context of safety concerns associated with other reprocessing methods. To be sure, not only EO gas, but most other chemical agents used to disinfect or sterilise a reusable device can present a risk to healthcare staffers, patients and/or the environment, if not properly mitigated. [43] [44] [45] [46] [47] Even detergents, and tap water too, used to clean and rinse reusable devices, respectively, can pose a safety risk (again, unless these risks are adequately mitigated). 48 49 Education, training and compliance with the manufacturer's instructions, among other measures, are important to reduce, if all but eliminate, the potential risks associated with any disinfection or sterilisation process or reprocessing technology, not only EO gas.
recoMMendations Several recommendations are provided in box 1, based on this review's specific findings, to improve the safety of ERCP and reduce the risk of a duodenoscope transmitting CRE or a related MDRO. Several of these recommendations may be applied to other types of flexible endoscopes, too. The importance of successfully reprocessing all types of flexible endoscopes cannot be overstated, as more healthcare-associated outbreaks have been linked to contaminated flexible endoscopes than to any other type of reusable medical instrument. 1
conclusions
The review's findings suggest that, due to a number of factors, current reprocessing practices may not always be sufficiently effective to prevent a duodenoscope from Open access transmitting CRE or a related MDRO, at least in some circumstances including an outbreak setting (tables 1 and 2). Factors that may contribute to the device remaining contaminated after reprocessing include the device's design; breaches of recommended reprocessing guidelines (eg, inadequate manual cleaning, delayed reprocessing or improper device storage); damage to the device; lacking servicing, maintenance or repair; and/or the presence of resistive biofilms. More research is recommended to better identify and characterize the potential contribution of each of these (and other factors) to the transmission of CRE and MDROs during ERCP. (Note: High-level disinfection can be expected to prevent transmission of CRE and their related MDROs provided the high-level disinfectant/sterilant contacts all of the device's contaminated surfaces.) 8 Measures this review identified that can mitigate the impact of these and other reprocessing challenges and reduce, if not eliminate, the risk of a duodenoscope transmitting these multidrugresistant bacteria include the use of EO gas sterilization, among other effective measures. The FDA has suggested that healthcare facilities consider performing at least one of four supplemental measures, which include EO gas sterilisation, to improve the effectiveness of duodenoscope reprocessing. Other measures adopted to reduce the infection risk include removing the implicated device from use, re-training of staff about proper cleaning, microbiological culturing and returning the device to the manufacturer for evaluation, servicing and/or repair. More research is also recommended to develop additional measures and options that prevent infections of CRE and related MDROs following ERCP. Whether the FDA and CDC might reclassify duodenoscopes as critical devices requiring sterilisation is currently unresolved.
